A lytic bacteriophage for Actinomyces viscosus T14V (the reference strain for actinomyces coaggregation group A) was isolated from raw sewage. This phage, designated BF307, also lysed the T14V-derived nonfimbriated mutant PK455-2 as well as A. viscosus MG-1 and T14AV but not the other serotype 2 or serotype 1 strains of this species that were tested or any of nine Actinomyces naeslundii isolates. Phages BF307 belonged to Bradley morphological group C and was similar in appearance to the A. viscosus MG-1 phages Av-1 and Av-3, which do not productively infect A. viscosus T14V. A. viscosus MG-1 mutants selected for resistance to phage BF307, Av-3, or CT7 (a human dental plaque isolate with the same host range as BF307) were coresistant to the other two phages but sensitive to Av-1. These results indicate that the receptors on A. viscosus MG-1 for phages BF307, Av-3, and CT7 are identical or share a common precursor and that the receptor for phage Av-1 is distinct. Comparison of the genomes of BF307, Av-3, and CT7 revealed that their DNAs were similar in size but distinguishable by restriction analysis. Two altered coaggregation phenotypes were identified among the phage BF307-resistant mutants of strains MG-1, T14V, T14AV, and PK455-2. Class I mutants had lost the ability to interact with coaggregation group 1 streptococci, and class II mutants did not coaggregate with either group 1 or group 2 streptococci. These results are consistent with the proposal that the phage BF307 receptor on these A. viscosus strains is related to one of the structures that mediates coaggregation with oral streptococci. A model to delineate the various coaggregation mediators on the surface of actinomyces coaggregation group A cells is presented, and the use of these phages to probe surface components of human oral actinomyces strains is discussed.
Information on bacteriophages of oral bacteria is relatively scarce, as only a few phages infectious for these organisms have been described (7, 10, 18, 21, 23, 24) . This lack of knowledge is surprising in view of the potential roles such phages may play in regulating the oral microflora by lysing sensitive cells or selecting for resistant mutants which might have altered colonizing or pathogenic properties. In addition, bacterial components released upon phage-induced lysis could initiate or augment an inflammatory response in the surrounding gingival tissue (11, 15, 18) .
Phages have been instrumental in the detection of dualfunction surface receptors on a variety of microbes (3, 6, 9, 16, 20, 22, 25) . For instance, two recently isolated classes of phage-resistant mutants of Actinomyces viscosus MG-1 were altered simultaneously in their interbacterial adherence to certain strains of Streptococcus sanguis, indicating that the phage receptor and one of the adhesins on A. viscosus MG-1 are related in an as-yet-unspecified manner (24) . The four phages used in that study were lytic only on A. viscosus MG-1. However, one of the best-characterized strains of A. viscosus is T14V, which has a more complex set of surface components involved in coaggregation reactions with streptococci (13) and which is the reference strain for actinomyces coaggregation group A. In addition, the virulence of this strain has been well characterized (2) . To more clearly define the coaggregation mediators on the T14V surface, we sought a phage for this strain. In this study we characterize such a phage and use it to delineate the relationship between phage receptors on the A. viscosus surface and adhesins mediating coaggregation with certain oral streptococci.
MATERIALS AND METHODS
Media and growth conditions. Bacteria were grown in TYNP medium as described earlier (24) . When used to grow phages, TYNP was supplemented with 10 (14) . Phages Av-1, Av-2, Av-3, and 1281 of A. viscosus MG-1 have been described previously (7, 24) . Cultures and phages were stored frozen at -70°C in TYNP containing 7% dimethyl sulfoxide.
Isolation and purification of BF307. One liter of raw, untreated, domestic sewage was collected in a screw-cap flask containing 1 ml of Tween 20, 100 g of soluble starch, 2 g of gelatin, and 10 ml of 1 M MgSO4. The mixture was stirred for 1 h and centrifuged for 20 min at 9,000 x g. The supernatant fluid was filtered (0.45-,um-pore size; Millipore Corp.) and used to prepare phage enrichments by adding 10 ml of filtrate to 10 ml of double-strength TYNP and inoculating the mixture with 0.2 ml of late-log-phase T14V cells. (14) .
Enrichments were incubated for 2 days at 37°C and centrifuged for 10 min at 6,000 x g. The supernatant fluids were tested for the presence of phages by plating dilutions in top agar seeded with T14V. Isolated plaques were picked, and the phages were purified by three successive single-plaque platings. Phage stocks were prepared by infecting mid-logphase cultures at a multiplicity of infection of five. After overnight incubation, the resulting lysates were clarified by low-speed centrifugation and filtered as described above after the addition of Tween 20 to a final concentration of 0.05% (24) . Phage titers were determined by the standard top agar overlay technique with 0.3 ml of cells per 3 ml of top agar (24) . Host range tests. Host range was determined initially by spotting a loop of a high-titer phage preparation (109 PFU/ml) onto freshly poured, seeded overlays of each strain. The phages were then titered on each susceptible host to calculate the efficiency of plating.
Isolation of phage-resistant mutants. Spontaneous phageresistant mutants of each host strain were obtained by plating cells in top agar with a large excess of phage. Surviving colonies were picked, purified by repeated singlecolony isolation, and tested to confirm phage resistance.
Coaggregation assay. Cells were washed three times with coaggregation buffer (5) , and the cell density was adjusted to about 109 cells per ml (Klett value of 260 [660 nm, red filter], determined with a Klett-Summerson colorimeter). Equal volumes (0.2 ml) of the two cell types were mixed, vortexed for 10 s, and allowed to stand for 1 h at room temperature before visual examination for the formation of coaggregates. A positive score reflected large flocculent coaggregates, and a score of zero reflected an evenly turbid suspension.
Isolation and restriction of phage DNA. Phage lysates were incubated with RNase A (1 ,ug/ml) and DNase I (1 ,ug/ml) for 1 h at 37°C and centrifuged to remove cells and debris. NaCl was added to 1 M, polyethylene glycol 6000 was added to 10% (wt/vol), and the suspensions were stored at 4°C overnight. After centrifugation at 8,000 x g for 30 mim, the pellets were suspended in a 1/100 volume of SM buffer (0.1 M NaCl, 50 mM Tris, 10 mM MgSO4, 0.01% gelatin [pH 7.5]). Phages were purified by isopycnic CsCl density gradient centrifugation (68 h at 33,000 rpm in an SW41 rotor at 4°C). The visible phage bands were collected and centrifuged again to equilibrium in CsCl. Phage DNA was obtained by a 1-h treatment at 65°C with proteinase K (50 ,ug/ml) and 0.5% sodium dodecyl sulfate in 50 mM Tris-5 mM-EDTA-50 mM NaCl (pH 8.0). After cooling, each preparation was extracted with a 1:1 phenol-chloroform mixture (vol/vol) and then with chloroform, and the DNA was precipitated with ethanol at -20°C. DNA pellets were collected by centrifugation, dissolved in 10 mM Tris-1 mM EDTA-10 mM NaCl (pH 8.0), and further purified on NACS PREPAC columns in accordance with the directions of the manufacturer (Bethesda Research Laboratories, Inc.). Purified phage DNA was restricted with SmaI in accordance with the instructions of the manufacturer (International Biotechnologies, Inc.). The resulting fragments were separated electrophoretically in 1% agarose gels, and their sizes were detertnined by comparison with standards (1-kilobase ladder and phage X DNA digested with HindlIl; Bethesda Research Laboratories). RESULTS Isolation, host range, and morphology of bacteriophage BF307. One sewage enrichment (out of 10) yielded clear plaques on a lawn of A. viscosus T14V cells. Phages were purified from each plaque, but because all isolates thus obtained showed the same plaque morphology, only one phage, designated BF307, was selected for further study. Phage BF307 also formed plaques on A. viscosus T14V mutants missing type 1 and type 2 fimbriae as well as on the extracellular polysaccharide-producing strain T14AV (Table  2) . It also lysed A. viscosus MG-1 but did not productively infect A. viscosus W1557, M100, or T6-1600 or any of the nine Actinomyces naeslundii strains tested (W1544, WVU820, WVU45, W826, PK602, PK947, PK606, PK1259, and WVU852). PK1603, an A. viscosus MG-1-derived mutant resistant to the previously isolated phages Av-1 and Av-3, was also resistant to phage BF307. In addition, PK1662, an MG-1 mutant which is resistant to phage Av-3 but sensitive to phage Av-1, was resistant to phage BF307. While the plaque size varied from pinpoint with A. viscosus T14V to 3 mm in diameter with A. viscosus MG-1, plaque size was host dependent because phage recovered from T14V produced 3-mm plaques on MG-1 and vice versa. Electron microscopy showed that phage BF307 belonged to Fig. 2 ). Restriction site analysis. The isolation of A. viscosus MG-1 mutants that are simultaneously resistant to phages CT7, Av-3, and BF307 as well as the fact that Av-3 binds to but does not lyse strain T14V (24) indicate a degree of similarity among these three phages. In addition, the host range of phage BF307 is identical to that of the human dental plaque isolate CT7 (23) . To further characterize these three phages, we isolated their DNAs and subjected them to restriction endonuclease digestion. All three phages contained a double-stranded linear genome of 18 + 1 kilobases (A. L. Delisle, J. A. Donkersloot, P. E. Kolenbrander, and C. A. Tylenda, Abstr. XIV Int. Congr. Microbiol., abstr. no. P. 1986 ), but restriction with SmaI revealed that these phages could be differentiated (Fig. 1) . Whereas Av-3 did not contain a SmaI site, BF307 had two SmaI sites and CT7 had one SmaI site.
DISCUSSION
To dissect the complex system of receptors that mediate the intergeneric adherence of A. viscosus to other oral microbes, we isolated a bacteriophage (BF307) for the actinomyces coaggregation group A strain T14V from sewage. Phage BF307 also exerted its virulence on the nonfimbriated mutant PK455-2 and on the extracellular polysaccharide- producing variant T14AV (Tables 2 and 3 ). In addition, phage BF307 produced plaques efficiently on strain MG-1, the host of the four A. viscosus phages previously isolated from sewage (Tables 2 and 3 ).
The host range of phage BF307 is identical to that of phage CT7, which was recently isolated from human dental plaque (23) . However, restriction site analysis of the BF307 and CT7 genomes indicated that theses phages can be differentiated in this manner (Fig. 1) . The genomes of the five sewage isolates and those obtained from dental plaque (23) are currently being mapped and compared.
With respect to the host receptors for the various phages, previous findings indicated that the Av-3 receptor on A. viscosus MG-1 is distinct from the receptor(s) for phages Av-1, Av-2, and 1281 (24) . The results reported here confirm and extend those observations, since the phage BF307-resistant mutants AD1204 and AD1206 were resistant to phage Av-3 but sensitive to phages Av-1, Av-2, and 1281.
The fact that they were also resistant to phage CT7 suggests that the receptors for phages BF307, Av-3, and CT7 on A. viscosus MG-1 are identical or share a common precursor. This proposal is further strengthened by the observation that the previously isolated Av-3-resistant mutant PK1662 was also resistant to both BF307 and CT7. The same conclusion can be reached for the BF307 and CT7 receptors on A.
viscosus T14V, PK455-2, and T14AV, because all BF307-resistant mutants derived from these hosts were also resistant to CT7.
A major aim of this study was to utilize phage BF307 to assess the possible relationship between phage receptors and surface components that mediate certain coaggregation reactions of A. viscosus MG-1 and T14V. Based on the earlier data with the sewage phages Av-1, Av-2, Av-3, and 1281, a relationship between the Av-3 receptor and one coaggregation mediator on strain MG-1 was proposed (24) . Because phage BF307 infects both A. viscosus T14V and MG-1, it was possible to determine whether strain T14V exhibited analogous surface structures and whether BF307-resistant mutants of both strains were identically altered in their coaggregation properties. Two coaggregation phenotypes were observed among the phage BF307-resistant A. viscosus MG-1 derivatives (Table 4) , and these were identical to those of the class I and class II phage Av-3-resistant mutants of this strain described previously (24) . The interpretation of these results is depicted schematically in Fig. 2A Fig. 2A and show only lactose-inhibitable unimodal coaggregation with group 3 and 4 streptococci.
The broader host range of phage BF307 allowed a comparison of phage-resistant mutants of strain MG-1 with those of strain T14V and its derivatives (Table 4 and Fig. 2B ). Both class I and class II phenotypes were observed with A. viscosus T14V. Class II mutants of this strain (e.g., AD1404) exhibited coaggregation properties identical to those found with AD1204, the class II mutant of A. viscosus MG-1, and are not shown in Fig. 2 . AD1108 can also be considered a class II mutant; it did not coaggregate with any of the streptococci, since its parent PK455 is already devoid of the lectin that mediates adherence to group 3 streptococci (4, 12) . Thus, only the coaggregation properties of the parent strains and of class I mutants of A. viscosus T14V, PK455-2, and T14AV are shown in Fig. 2B . Coaggregation with group 1, 3, and 4 streptococci is conceptually the same as that shown in Fig. 2A , but coaggregation with group 2 streptococci is different. The semicircle on T14V represents the polysaccharide isolated by Mizuno et al. (17) that contains N-acetylgalactosamine, rhamnose, and 6-deoxytalose and that is a potent aggregating factor for group 2 streptococci. A coaggregation-defective mutant of group 2 S. sanguis Hi, PK1317 (12), was not agglutinated by this aggregation factor but still coaggregated with A. viscosus T14V (17) ; that coaggregation is represented in Fig. 2B by a complementary pair of triangular symbols. In the current study, both mutant PK1317 and its parent (S. sanguis H1) coaggregated with strains T14V, PK455-2, and T14AV and their class I mutants. Such mutants presumably have lost both the ability to synthesize (or assemble) the phage receptor and the ability These studies with bacteriophages of oral actinomyces strains have identified a functional relationship between phage receptors and coaggregation mediators for which there currently is no other measurable trait. These surface constituents can now be isolated, and their chemical compositions can be compared. Only a few surface components of A. viscosus have been isolated, including the factor described above that aggregates group 2 streptococci (17) and the two fimbrial structures whose subunits have now been cloned (8, 26) . It is clear from this study that phages can be used to gain a more detailed insight into surface-mediated interactions that play a role in microbial communities.
